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Abstract
Since discrete part manufacturing processes are still not well documented in terms of their environmental impact, potential
optimisation measures are often not recognized. This keynote presents a structured overview of environmental improvement 
measures at machine tool as well as process chain level. Each category of measures is accompanied with at least one example
within the field of non-conventional manufacturing processes.
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1. Introduction
The industrial sector is responsible for around 25.3%
of the total energy consumption in Europe (Figure 1) [1].
At world scale, the industrial energy demand represents
27.9% of the total energy consumption [2].
Fig. 1. EU27 - Energy consumption in 2010, after [1]
Driven by (1) more stringent regulatory mandates,
(2) competitive economic advantages and (3) proactive
green behavior, a trend towards environmentally benign 
manufacturing can be observed in recent years [3]. 
Nevertheless, discrete part manufacturing processes,
especially non-conventional processes, are still not well
documented in terms of their environmental impact [4]. 
In consequence, potential environmental optimisation 
measures are often not recognized and improved
machine tool design in terms of ecological footprint 
reduction has only been targeted for a few common 
processes such as milling and turning. Furthermore, the 
current trend towards more energy intensive, advanced 
processes, including non-conventional and micro/nano
processing techniques [5], is expected to enlarge the
impact of the manufacturing sector. Figure 2 illustrates
this by means of the electrical energy requirements for a
representative set of manufacturing processes.
In order to deal with the lack of thorough
environmental analysis of manufacturing processes, the 
CO2PE! - Cooperative Effort on Process Emissions in 
Manufacturing Initiative [6] has been launched in 
2009. This initiative has as objective to coordinate
international efforts aiming to document and analyze the
overall environmental impact for a wide range of 
available and emerging manufacturing processes with
respect to their direct and indirect emissions and to
provide guidelines to improve these.
The next section offers a short description of 
methods to collect life cycle inventory (LCI) data, of 
discrete part manufacturing processes. Furthermore, a 
structured overview of environmental improvement
measures at machine tool as well as process chain level
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Fig. 2. Electrical energy requirements for manufacturing processes [5] 
 
is presented. Each category of measures is accompanied 
with at least one example within the field of non-
conventional manufacturing processes. 
2. LCI data collection 
Life cycle inventory (LCI) data can be obtained in 
different ways, starting from theoretic calculations until 
detailed process measurements and analysis. While 
Abele et al. [7] describe theoretic equations to calculate 
the energy and resource consumption for a wide range of 
production processes, Overcash et al. [8] propose a 
generic methodology to gather unit process life cycle 
inventory data using rules of engineering and industrial 
practice. Within the CO2PE! framework, Kellens et al. 
[9] developed a methodology, summarized in Figure 3, 
for systematic analysis of manufacturing unit processes 
and for deriving life cycle inventory data from this 
procedure.  
Fig. 3. CO2PE!  Methodology for systematic analysis and 
improvement of manufacturing unit process life cycle inventory [9] 
While the functional unit and system boundaries are 
set during the goal and scope definition, the real data 
collection effort occurs based on industrial 
measurements and comprises four different studies. 
First, a time study is performed in order to identify the 
different use modes of the process and their relative 
importance. Then power, consumables and emission 
studies are performed for all different use modes on 
machine tool as well as sub-unit level. 
Duflou et al. [10] present a comparison of the 
previously mentioned methods as well as the available 
LCI data in commercial databases. The authors observed 
large discrepancies on the energy demand and related 
environmental impact of discrete part manufacturing 
processes obtained by different assessment methods. 
While theoretical calculations often result in large 
underestimations, most records on manufacturing 
processes in commercial LCI databases show significant 
space for improvement.  
In the field of non-conventional manufacturing 
processes, examples of in-depth environmental process 
analysis are, for example, available for selective laser 
sintering and melting (SLS/SLM), electrical discharge 
machining (EDM) and CO2 laser cutting processes 
[11,12,13,14]. Figures 4, 5, 6 and 7 present the relative 
share of the different environmental impact creating 
factors for these processes as quantified by means of 
respectively the ReCiPe Europe H/A (Fig 4, 5 and 6) and 
the Eco-Indicator 99 H/A (Fig 7) assessment methods. 
Fig. 4. Distribution of the environmental impact for a representative 
PA2200 SLS build (layer thickness = 0.12 mm, build height = 0.4 m 
and build volume = 0.05 m³, powder refresh rate = 50%) [11] 
Fig. 5. Distribution of the environmental impact for a stainless steel 
(X5CrNi18-10) SLM build (layer thickness = 0.03 mm, product weight 
= 409 gram, production time = 4 hours) [12] 
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Fig. 6. Distribution of the environmental impact for 1 hour of EDM 
roughing (copper electrode, hard metal workpiece) [13] 
Fig. 7. Distribution of the environmental impact for 1 hour of CO2 laser 
cutting on a 5kW laser cutting machine tool (St37-2 workpiece) [14] 
 
While the electrical energy consumption is the 
dominant factor for the environmental impact caused by 
CO2 laser cutting processes, significant contributions of 
the created waste flows and required process 
consumables (process gases, compressed air and 
dielectric fluid) can be observed for SLS, SLM and 
EDM processes. 
3. Improvement Measures  
As shown in Figure 8, from organizational point of 
view, manufacturing activities can be divided into five 
levels, starting from unit process up to global supply 
chain level. While Duflou et al. [15] provide a 
comprehensive overview of the state of the art in energy 
and resource efficient manufacturing for all of these 
manufacturing levels, this keynote focuses on 
environmental improvement measures at unit process 
(e.g. standalone machine tools) as well as multi-machine 
tool level (e.g. process chain level). 
Among others, lists of potential improvement 
measures at machine tool and process chain level can be 
found in [16,17,18]. Furthermore, the draft ISO14955 
standard on environmental evaluation of machine tools 
[19] provides guidelines to quantify the energy 
consumption of processes and lists energy efficiency 
improvement measures for material removal (cutting) 
and forming processes. As indicated by Posselt et al. 
[20], machine tool builder and operator perspectives 
should be combined in order to increase the energy and 
resource efficiency in manufacturing. 
Fig. 8. Different levels of a manufacturing system  
 
In general, three main categories of improvement 
measures can be identified: (1) process and machine tool 
selection; (2) optimized machine tool design; and (3) 
optimized process control. While categories 1 and 3 are 
mainly controllable by the process planner or the 
machine tool operator, the original equipment 
manufacturer (OEM) or machine tool builder has a 
dominant influence on the machine tool design. Figure 
10 presents an overview of 12 improvement measure 
sub-categories which are described and clarified with 
practical examples at machine tool as well as multi-
machine tool level in the next sections. 
3.1. Process selection 
Figure 2 shows the trend towards more energy intensive 
processes [5] (driven by the need to machine more 
precise and high quality parts): processing less material 
with more energy. Therefore, as long as the 
technological (e.g. cut quality) and economical (e.g. 
machine tool availability and cost per functional unit) 
feasibility of the process is guaranteed, a proper process 
selection allows pragmatic optimisation from 
environmental point of view. Figure 9 illustrates some 
alternative processes for sheet metal cutting.  
Fig. 9. Process selection as major degree of freedom influencing 
environmental impact 
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Fig. 10. Overview of improvement measure categories at unit process and multi-machine tool level  
 
Within the EU-project Integ-Micro, a comparison has 
been performed between micro EDM and micro milling, 
two processes implemented on a Sarix SX200 platform 
(Figure 11) [21,22]. 
 
 
Fig. 11. Sarix SX200 platform (micro EDM) with additional high 
speed milling spindle (WZL, RWTH Aachen) [21,22] 
 
Figure 12 shows the results of power measurements 
performed for both machining modes. Due to the slower 
material rate in case of micro EDM, the specific energy 
consumption (J/mm3) is still higher, but the obtained 
accuracy and precision is better. Therefore, a combined 
strategy is proposed, where roughing operations are 
performed by milling, while finishing is done using 
micro-EDM, giving the same accuracy and surface 
quality compared to a complete EDM operation [22]. 
 
 
 
Fig. 12. Comparison of power levels for micro EDM and micro milling 
implemented on the same machine tool platform (Sarix SX 200) 
3.2. Optimal machine tool capacity 
Taking into account that the fixed power 
consumption (e.g. non-loaded machine tool power) of 
machine tools is mainly determined by their maximum 
capacity, proper selection and use (e.g. near to their 
maximum capacity) of machine tools within a process 
category can significantly reduce the total energy 
demand. Figure 13 presents the total machine tool power 
during cutting mode in function of the required laser 
output for 7 different CO2 laser cutting machine tools 
[23]. Potential power savings up to 50% can be observed 
by optimizing the machine tool capacity choice. 
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Fig. 13. Power consumption in cutting mode in function of the laser 
output level for 7 different CO2 - laser cutting machines [23] 
3.3. More efficient machine tool components 
An obvious opportunity to reduce the energy and 
resource demand, and related environmental impact, of 
manufacturing processes is the use of more efficient 
Available Technologies 
ally yields energy savings up to a few 
percent of the total machine tool consumption.  
Another example in this category can be found in 
better sealed process chambers for selective laser 
sintering processes (SLS). This measure can 
significantly reduce the total nitrogen demand, which, as 
shown in Figure 4, represents approximately 22% of the 
total environmental impact of SLS [11,12]. 
3.4. Change of technology 
Much higher energy and resource savings can be 
obtained by shifting from the conventional process 
technology to other, more innovative, alternatives. An 
example of such technological shift can be found in the 
replacement of CO2 laser systems by fiber or diode 
lasers. First analysis indicates that, next to the higher 
laser source efficiency (12% for CO2 and 25% to 30% 
for diode and fiber lasers), reduced cooling requirements 
and faster cutting speeds may lead to a reduction in 
energy demand up to factor 5 [24]. Another technology 
change is the movement from hydraulic driven systems 
towards hybrid or even fully electric systems [25,26]. 
For EDM processes, the dielectric represents 
approximately 23% (see Figure 6) of the total 
environmental impact [13]. Therefore, the use of jets to 
provide the required dielectric in the gap between tool 
electrode and workpiece, instead of immersing both in 
the dielectric tank, forms a technological improvement. 
Furthermore, a replacement of the hydrocarbon oil 
dielectrics by water-based (plain water, water mixed 
with organic compounds, de-ionized water...) or gaseous 
(dry-EDM) dielectrics could help to further reduce the 
environmental impact and related human health risks 
[13,27,28]. 
3.5. Electrical energy and material recovery 
Another opportunity to improve the energy and 
resource efficiency of machine tools is the recovery of 
waste streams. An example of electrical energy 
recuperation can be found in kinetic energy recovery 
systems (KERS) [29]. 
From material resource point of view, an improved 
recycling methodology, using different grades, for 
polymer laser sintering processes is proposed by 
Dotchev et al. [30]. 
At multi-machine tool level, Tekkaya et al. [31] 
showed the potential of reusing aluminium AA6060 
chips as input for direct hot extrusion processes. 
3.6. Energy and material cascading 
Another way to treat waste streams is 
energy/material cascading. An example of energy 
cascading is the thermal down-flow of heat by utilizing 
the heat in multiple processes [32]. The quality, often 
expressed as exergy, of the energy flow decreases after 
each utilization step. Another example of energy 
cascading can be found in a recently patented internal 
system for the recovery of heat losses of laser cooler 
systems [33]. Paraskevas et al. [34] present examples of 
cascading of industrial metal waste streams. 
3.7. Integrated versus central peripherals 
For peripherals such as, for example, supply systems 
for compressed air, steam, metal working fluids and 
process gases, an optimized supply scenario can provide 
significant environmental benefits. Typically, three 
different supply alternatives can be distinguished: point 
of use generation (e.g. at machine tool scale), local 
generation (e.g. limited group of machine tools) and 
plant generation (e.g. central generation). For 
automotive applications, Yuan et al. [35] illustrated that 
local generation of compressed air is preferable from 
economic as well as energy point of view. 
3.8. Selective actuation of sub-units 
An effective and easy to implement measure to 
reduce the electrical energy consumption is selectively 
switching off non-continuously required sub-units. 
Nowadays, machine tool builders start to implement 
- , with reduced sub-unit 
activities and faster re-activation, in their process control 
systems, resulting in energy savings up to 66% during 
standby modes [36,37]. Figure 14 shows the potential 
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 of Fanuc 
CO2 laser sources [36]. Similar implementations are 
nowadays available in EDM equipment [37]. 
Fig. 14. Power levels of different modes for Fanuc CO2 laser sources 
[36] 
3.9. Reduction of standby energy 
Energy consumption during standby (idle) modes 
often represents a significant share of the total energy 
demand of manufacturing processes [23]. As energy 
represents power consumption over a certain time 
period, the standby energy can be reduced by lowering 
the standby power demand as well as limiting the 
duration of standby activities. While the first can be 
obtained by selectively switching off non-required sub-
units (Section 3.8), the latter can be achieved by 
optimized production planning (Section 3.11). Examples 
can be found in increasing the machine tool utilization as 
well as (temporary) switching off non-required machine 
tools.  
3.10. Optimized process parameters 
From operator perspective, environmental aware 
process parameter selection can further limit the energy 
and resource consumption and related environmental 
impact. Examples of the potential of improved process 
parameter settings for non-conventional machining 
processes are higher material removal rates (MRR) for 
EDM processes [13] and well selected combinations of 
nesting efficiency and layer thickness for SLS processes 
[11]. 
3.11. Optimized production planning 
Depending on the production mode, the energy and 
resource demand of machine tools and process chains is 
rather dynamic. Therefore, environmental aware 
production planning could result in relevant energy 
savings. Although commercial production planning 
software still does not include these aspects, various 
approaches have been proposed in scientific literature 
[e.g. 38,39,40]. 
3.12.  Limitation of peak consumption 
From an economic perspective, power peaks should 
be avoided since they may induce additional (e.g. 
penalty) costs through contractual electricity billing 
systems. Moreover, demand peaks are also not favorable 
in context of dimensioning and control of supporting 
processes (e.g. compressed air systems), where 
ultimately this may lead to higher energy consumption 
as well. As presented by Rager [41], an example of 
energy management at process chain level, shown in 
Figure 15, can be found in order shifting. 
Fig. 15. Influence of order shifting to power peaks [41] 
4. Conclusion 
This keynote presents a structured overview of 
environmental improvement measures at unit process as 
well as multi-machine tool level. Different categories of 
measures are discussed and clarified with practical 
examples. Case studies, implementing mainly well-
known technological methods, illustrate improvement 
potential up to a factor 5. Due to the former lack of 
priority for energy and resource efficiency among 
machine tool builders as well as end-users, substantial 
space for environmental improvement can still be 
observed in manufacturing processes nowadays. 
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